INTRODUCTION
Persistent infections of measles virus have been established in cell cultures (Rustigian, I962; Norrby, I966; Minagawa, I97~; Knight, Duff & Rapp, I972) and in vivo (Gibson & Bell, I972) . All of these persistent cell lines normally produced infectious virus, although Rustigian 0962) obtained an infected non-producing clone of HeLa cells using antiserum, and Knight et al. (I972) showed that persistently infected hamster embryo fibroblasts produced no infectious virus when incubated at 39 °C. Temperature sensitivity of persistently infected cells has previously been described in the RNA phage system of Valentine, Ward & Strand (t969) , with Newcastle disease virus by Preble & Youngner 0972) and with Sindbis virus by Shenk, Koshelnyk & Stollar 0974) .
The present work describes the production and properties of a culture of HEp2 cells persistently infected with measles virus in which both the persistently infected culture and the infectious virus produced and released from these cells were found to be temperature sensitive.
METHODS
Parent virus. The HEp2-adapted Edmonston strain of measles virus was prepared as a stock pool of virus in HEp2 cells after incubation at 37 °C for 4 days. Hereafter this will be referred to as 'parent virus'.
Persistent virus. Supernatant medium was taken fresh from persistently infected cells when virus was required for an experiment. This medium virus was centrifuged at IOOO g for Io rain prior to use and will be referred to as 'persistent virus'.
Cells and media. HEp2 and Veto ceils obtained from Flow Laboratories were cultivated in Eagle's medium (Glasgow modification) containing Io % foetal bovine serum (FBS) and maintained in Eagle's medium containing 1% FBS.
Preparation of persistently infected culture. HEp2 cells were infected with parent virus (input multiplicity approx, o-ooI p.f.u./cell) and incubated at 37 °C in maintenance medium for 5 days, by which time c.p.e, was evident. The ceils were then washed for I h at 37 °C in IO % pooled human serum which had a measles-specific HAI titre of I6o and which had been heat-inactivated at 56 °C for 30 rain, and subsequently incubated in growth medium which contained 1% pooled human serum. This treatment was repeated every second day until day 20, when the cells were trypsinized and re-plated in the same bottle using growth medium and 1% pooled human serum. The medium was changed every third day until several large cell colonies had developed. These were then re-plated and confluent monolayers were obtained after 5 days. At this stage many syncytia were present in each monolayer but during successive subcultures their numbers declined until, by pass 30, few syncytia were present and antibody was no longer incorporated in the medium.
Plaque assays. Plaque assays were performed on monolayers of Vero cells in 5 cm plastic Petri dishes. Virus inoculum (I ml) diluted in maintenance medium was added to each dish and allowed to adsorb for 2 h at 37 °C-The inoculum was then removed and 4 ml of agar overlay medium added (double-strength Eagle's medium containing 2 ~oo FBS mixed with an equal vol. of 2"2 ~oo special agar (Noble) to which was added 0-0o2 % DEAE dextran). After incubation for 5 days at 37 °C in 5 % CO2 the dishes were stained with agar overlay consisting of 2 ml of o-or % neutral red in ~ .1% agar and then incubated for a further 24 h at 37 °C.
Immunofluorescence. Infected cells were treated for I h at 37 °C with a ~ : 25 dilution of a convalescent human serum from a patient with measles infection, which had a complement fixation titre of 320. Treated cells were stained for I h at 37 °C with sheep anti-human globulin (WeUcome Reagents Ltd) conjugated with fluorescein isothiocyanate. Unfixed and acetone-fixed preparations were used in order to stain both surface and intracellular antigens respectively.
Control of incubation temperature. Sealed bottles or dishes in sealed plastic boxes were immersed in a water bath heated by a Techne Tempunit with an accuracy of ± o.oI °C.
Tests for interferon. Samples taken from the supernatant medium of persistently infected cells were dialysed for 24 h at pH 2 (0.2 M-KCI, 25 %: ~-HC1, 1.6 ~oo) then for 48 h at pH 7 against PBS. Treated samples were then tested for interferon on HEp2 cells as follows: serial tenfold dilutions were added to monolayers of HEp2 cells in Petri dishes and incubated for I8 h at 37 °C-The cells were then washed and I ml/dish of EMC virus, diluted to produce 30 plaques/dish, was allowed to adsorb for t h at 37 °C-The inoculum was removed and the dishes were overlaid with agar overlaid as described earlier. After incubation at 37 °C for 48 h the number of plaques was estimated.
Itaemadsorption procedure. Cell monolayers were washed with veronal buffer at 37 °C.
A t % suspension of rhesus monkey red blood cells (r.b.c.) in veronal buffer was added to the monolayer which was then placed at 37 °C for 30 rain. Each monolayer was washed 3 times with veronal buffer before examination. For haemadsorption inhibition pooled human serum diluted I : Io in veronal buffer was added to the monolayer and incubated at 37 °C for 30 rain. Each monolayer was then washed 3 times and the haemadsorption procedure was then carried out as described above. 
RESULTS

Properties of persistently infected cells General properties
Persistently infected cells which had been subcultured more than 5o times were similar to normal HEp2 cells under low-power magnification. Cultivation of persistently infected cells in medium containing an additional t ~ pooled human serum (see Methods) did not alter their morphological appearance. When stained with haematoxylin and eosin both cytoplasmic and nuclear inclusions were found in 20 ~oo of the cells. By immunofluorescence all cells contained virus antigen. Some were stained on the surface, some were stained in the cytoplasm and nucleus and others were stained only in the cytoplasm (Fig. I) . On confluent monolayers approx. 5o ~ of the cells haemadsorbed. On thinly seeded monolayers some cells were heavily coated with r.b.c, whilst some were lightly coated and some had no haemadsorption. Pre-treatment of persistently infected cultures with pooled human serum inhibited haemadsorption.
The abilities of parent and persistent virus to produce cytopathic changes in HEp2 and Vero cells were compared. At input multiplicities of o.ooI p.f.u./cell parent virus produced marked c.p.e, on both types of cells within 3 to 4 days. On HEp2 cells the first morphological change was the production of small aggregates of cells, and as these developed holes appeared in the cell monolayer adjoining the aggregates. On Vero cells parent virus produced large syncytia and loci of rounded cells which were shown to be measles-specific when tested by immunofluorescence. In both cases these infected cells failed to grow if subcultured.
Persistent virus produced only slight changes on HEp2 cells, but on Vero cells small syncytia developed within 4 to 5 days. The infected HEp2 cells could be subcultured with ease and readily produced healthy monolayers. The infected Vero cells also grew on subculture but they had a less healthy appearance than non-infected Vero cells and did not become completely free of syncytia. E. A. GOULD AND P. E. LINTON 
Virus release
The infectivity of virus released into the supernatant fluid of persistently infected cultures was between Io 2 and io 3 p.f.u./ml from cultures containing lO 7 ceils, whereas the titre increased up to tenfold when confluent cultures were held irt maintenance medium. The number of virus-yielding cells/culture was estimated from the proportion of infectious centres formed when known numbers of persistently infected cultures were plated on Vero monolayers. Between Io and 4o ~ of whole cells produced plaques when plated on Vero cells and plaque numbers decreased up to tenfold when the persistently infected cultures were sonicated for ro seconds before plating on Vero cells (Table I) .
Interferon
The medium obtained from persistently infected cultures did not reduce the number of plaques produced by EMC virus on HEp2 ceils.
Interference
Persistently infected cultures were resistant to superinfection with measles virus. They were not however resistant to superinfection with poliovirus type I or vaccinia virus (Table 2) 
Effect of temperature on persistent and parent virus
Vero monolayers were infected with serial tenfold dilutions of either parent or persistent virus and after absorption for 2 h at 37 °C were overlaid with agar. Duplicate dishes were incubated at temperatures ranging from 32 to 4~ °C (Table 3) . Parent and persistent virus produced plaques at 32 and up to 39 °C. At 39"5 °C parent virus produced 6o ~ of the control number whereas the persistent virus produced none, although it sometimes produced plaques at 39"3 °C. The parent virus could continue to produce plaques at 39"8 °C but not at 4 r °C.
The above results have been amplified using Vero monolayers on coverslips which were then stained by immunofluorescence. No antigen-positive cells could be seen at the respective ceiling temperatures. Thus no detectable virus antigens were synthesized in the infected cells at the restrictive temperature.
Thermostability of parent and persistent virus
Samples of each pool of virus were incubated at 37, 4o, 45 and 50 °C and samples were removed at ~ 5 min intervals for titration on Vero cells. There were no significant differences in the thermostability of the two strains of virus at any of the incubation temperatures. Both pools of virus lost all infectivity at 50 °C within 30 min, decayed at a similar rate at 45 °C (Fig. 2) and were unaffected after 60 min at any of the other temperatures.
Effect of temperature on persistently infected cultures
When persistently infected cultures were passed at 39"5 °C instead of the usual 37 °C, there was no obvious difference in the appearance of the monolayers as seen under low-power magnification. However, after only r pass (incubation period 7z h) at 39"5 °C haemadsorption was confined to less than I ~ of the cells. Furthermore, less than I ~ of the cells showed surface immunofluorescence when tested with specific measles antisera using unfixed preparations of cells (see Methods). When acetone-fixed cell preparations were used between 4 ° and 5o ~ of cells still contained antigen in the nucleus or cytoplasm (Table 4) . Although there was slight variation in these proportions the high-temperature cells never showed more than 5 % surface staining after incubation at 39"5 °C for more than 24 h. During subsequent passage at 39"5 °C immunofluorescence tests showed that the proportion of cells with antigen in the cytoplasm or nucleus decreased until, by the fifth passage, positive cells were rarely found. No infectious virus was recovered from the supernatant fluids of these cultures even after only I passage at the restrictive temperature. On transfer of the apparently 'cured' cells back to 37 °C, without subculture, they remained free of virus antigen. Preliminary observations suggest that on subculture of these 'cured' cells at 37 °C measles virus antigen reappears in the cells even in the presence of antiserum. Whether this represents surviving virus antigens or newly synthesized antigens is currently under investigation.
In contrast, when HEp2 cells were infected with parent virus at an input multiplicity of o.ooI, incubated at 39"5 °C for 72 h and examined by immunofluorescence, measles antigen was found both on the surface and in the cytoplasm of most infected foci. Further subculture of these infected cells at 39"5 °C led to the production of large syncytia, obvious c.p.e, in the remaining monolayer and the death of most cells within 4 days.
DISCUSSION
The possibility of a relationship between virus persistence and temperative sensitivity was suggested by Preble & Youngner (I972) working with NDV; however, these authors subsequently showed that reversion of the ts variant to wild type was not accompanied by reversion of persistence to virulence (Preble & Youngner, I973) . Similarly Shenk et al. (i 974) have recently shown that ts mutants of Sindbis virus, which produce a persistent infection in cultures of Aedes albopictus cells, retain their small plaque morphology after reversion of the ts property to wild type.
In the present paper we describe the production of a persistently infected culture of the Edmonston strain of measles virus when passed in HEp2 cells under controlled conditions. The release of virus from these ceils was temperature-sensitive and was more inclined to produce persistent infections in both HEp2 and Vero cells than the parent virus. Since the parent Edmonston virus produced a variety of plaque types at 37 °C on Vero cells (Gould, x974) and a reduced number of plaques at 39"5 °C, it is possible that the persistent temperature-sensitive virus described in the present paper was derived by selection of a variant from the parent pool. Alternatively, it is possible that the persistent infection arose as a consequence of virus interference. This is supported by the observation of Hall, Martin & Gould 0974) , who demonstrated the presence of sub-genomic interfering particles in the Edmonston strain of measles virus.
The low titres of virus produced by persistently infected cultures and persistent virus when infecting other cells may be compared with the S.S.P.E. viruses of ter Meulen et al. (i972) which characteristically produced low titres in CV-I cells. In addition, the persistently infected cultures were unaffected by treatment with pooled human serum containing measles antibody either at an early stage of development of persistence or when the persistently infected culture had been subcultured many times.
Two explanations are possible for these observations. Either the infected cells which showed no surface staining by immunofluorescence were unaffected by measles-specific antibody or the virus released from persistently infected cultures may have reduced sensitivity to neutralizing antibody, as did the S.S.P.E. virus described by Payne & Baublis (1973) . However, we could find no difference between parent and persistent virus when neutralization was performed against antiserum prepared in rabbits using parent virus (E. A. Gould & P. E. Linton, unpublished data) .
Temperature sensitivity of persistent measles virus was revealed in two ways. First, the virus obtained from persistently infected cultures failed to produce plaques or antigenpositive cells when incubated at 39"5 °C on Veto ceil monolayers and secondly, the persistently infected cultures lost all trace of virus antigen after subculture at 39"5 °C. It is not clear whether the temperature-sensitive virus arose after the development of persistence or whether the variation in temperature sensitivity was responsible for the development of persistence. Temperature sensitivity does seem to arise too frequently in persistent infections to be a chance event, and since a direct relationship was not found between temperature sensitivity and persistence (Preble & Youngner, I973; Shenk et aL I974) perhaps it reflects a property which is responsible for the establishment rather than the maintenance of persistence.
The disappearance of antigen from persistently infected cultures after incubation at 39"5 °C cannot be explained on the basis of killing the infected cells, because all ceils initially contained virus antigens and the persistently infected cultures grew well immediately on transfer to 39"5 °C. Furthermore, on transfer back to 37 °C measles-specific antigens became detectable even in the presence of antiserum. Whether or not integration of virus nucleic acid into cellular DNA occurs under these circumstances cannot be decided from the present experiments. This question is currently under investigation.
The observations reported offer a useful approach to the further understanding of the nature of measles virus and its apparent ability to give rise to persistent infections in vitro and possibly to progressive diseases in vivo such as S.S.P.E.
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